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While several studies on the ecology of Vibrio vulnificus in Gulf Coast environments have been reported, there
is little information on the distribution of this pathogen in East Coast waters. Thus, we conducted a multiyear
study on the ecology of V. vulnificus in estuarine waters of the eastern United States, employing extensive
multiple regression analyses to reveal the major environmental factors controlling the presence of this
pathogen, and of Vibrio spp., in these environments. Monthly field samplings were conducted between July 2000
and April 2002 at six different estuarine sites along the eastern coast of North Carolina. At each site, water
samples were taken and nine physicochemical parameters were measured. V. vulnificus isolates, along with
estuarine bacteria, Vibrio spp., Escherichia coli organisms, and total coliforms, were enumerated in samples
from each site by using selective media. During the last 6 months of the study, sediment samples were also
analyzed for the presence of vibrios, including V. vulnificus. Isolates were confirmed as V. vulnificus by using
hemolysin gene PCR or colony hybridization. V. vulnificus was isolated only when water temperatures were
between 15 and 27°C, and its presence correlated with water temperature and dissolved oxygen and vibrio
levels. Levels of V. vulnificus in sediments were low, and no evidence for an overwintering in this environment
was found. Multiple regression analysis indicated that vibrio levels were controlled primarily by temperature,
turbidity, and levels of dissolved oxygen, estuarine bacteria, and coliforms. Water temperature accounted for
most of the variability in the concentrations of both V. vulnificus (47%) and Vibrio spp. (48%).

Vibrio vulnificus, a gram-negative, halophilic bacterium
found in estuarine environments, causes primary septicemia
and wound infections in humans (28). Primary septicemia usu-
ally occurs through ingestion of raw shellfish, especially oys-
ters, by persons who are predisposed to infection by increased
serum iron levels or who are immunocompromised. Wound
infections, however, have been shown to occur in otherwise
healthy individuals who come in contact with this bacterium via
contamination of a previously inflicted wound or one incurred
in an estuarine environment.

One of the main virulence factors associated with infection
with V. vulnificus is an antiphagocytic, polysaccharide capsule
(35), and encapsulated cells are highly virulent, with a 50%
lethal dose of less than 10 CFU (38, 49). The V. vulnificus
endotoxin is also important in the virulence of this pathogen
(21), and the hypotension produced by this factor is eliminated
when nitric oxide synthase is inhibited (6). Interestingly, we
found that estrogen induces a protective response against V.
vulnificus-induced toxic shock (22). This likely accounts for the
fact that 82% of infections occur in males (28). The pathogen-
esis of V. vulnificus infection has been reviewed in several
recent papers (18, 28, 39).

Several studies have reported on the presence of V. vulnifi-
cus, as well as other estuarine vibrios, along the Gulf Coast (5,
15, 17, 40), the West Coast (14), and the East Coast (29, 30) of

the United States, as well as in coastal waters of Denmark (8),
Hong Kong (2), Japan, and countries in Africa and South
America (25). However, except for two studies in the northeast
portion of the United States (9, 32), the only reported long-
term studies on the ecology of V. vulnificus were conducted
along the Gulf Coast. In 1997, V. vulnificus infections became
reportable in North Carolina. Therefore, we conducted a mul-
tiyear study on the ecology of V. vulnificus along the eastern
coast of North Carolina. This area is unique because of the
small islands that make up the Outer Banks, which block the
flow of water to the rivers and sounds in the eastern part of the
state and to the Atlantic Ocean. The lack of flushing which
results could lead to serious environmental damage from bac-
terial overload in instances such as hog waste spills. For this
reason, relationships between culturable levels of estuarine
bacteria, total coliforms, Escherichia coli, Vibrio spp., and V.
vulnificus were investigated at six estuarine sites. In addition,
nine chemical and physical parameters were measured at each
site. Statistically significant relationships existing between
these environmental parameters and the isolation of vibrios
and, more specifically, V. vulnificus were determined.

MATERIALS AND METHODS

Sample collection and parameter measurements. During the 22-month period
between July 2000 and April 2002, 1,000-ml water grab samples were collected
monthly for 18 months (no samples were collected from July to October 2001)
from six sites along the Neuse, Pungo, and Pamlico Rivers of North Carolina
(Fig. 1). During the last six months of the study, sediment grab samples were also
collected. Water and sediment samples were transported on ice from each site to
the laboratory (a maximum of 4 h) for bacteriological analysis. Environmental
parameters measured at each site included water temperature, salinity, turbidity,
and pH and levels of ferrous iron, phosphate, ammonia nitrogen, dissolved
organic carbon (DOC), and dissolved oxygen. Water temperature was measured
with a waterproof thermometer (Fisher Scientific, Pittsburgh, Pa.). Salinity was
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measured with a handheld refractometer (Schuco, Chiyoda-ku, Japan). Turbidity
and pH and levels of ferrous iron, phosphate, ammonia nitrogen, and dissolved
oxygen were measured by using reagents and a DR/850 portable colorimeter
according to the instructions of the manufacturer (Hach Co., Love, Colo.). In
order to measure DOC levels, water was filtered through a 47-mm cellulose
nitrate membrane with a 0.2-�m pore size (Nalgene, Rochester, N.Y.) and kept
at �20°C until measured with a Total Organic Carbon Analyzer (TOC-5000A)
with an ASI-5000A autosampler (Shimadzu Instruments, Inc., Kyoto, Japan).
Background levels of DOC present in these membranes were determined and
subtracted from the DOC values of each water sample analyzed.

Bacterial enumeration. On each sampling trip, water taken from each of the
six sites was plated directly onto half-strength modified salt water-yeast extract
agar (31) for enumeration of CFU of estuarine bacteria, thiosulfate-citrate-bile

salts-sucrose (TCBS) agar (Difco, Sparks, Md.) for enumeration of CFU of
Vibrio spp., and colistin-polymyxin B-cellobiose (CPC) agar (20) for detection of
V. vulnificus. Plates were incubated at 22, 37, and 40°C, respectively. In addition,
10 g of sediment was diluted with 90 ml of one-half-strength artificial seawater
(48) and plated directly onto half-strength modified salt water-yeast extract,
TCBS, and CPC. When water temperatures dropped below ca. 13°C, 25 to 50 ml
of sample water was filtered through a 0.2-�m-pore-size cellulose nitrate mem-
brane filter (Nalgene), which was plated onto CPC agar to increase the detection
limit of V. vulnificus. Similarly, between November 2001 and April 2002, 10 to 50
ml of water was filtered and plated onto TCBS to increase the detection of Vibrio
spp. Water was also routinely filtered through 0.2-�m-pore-size filters, which
were incubated in alkaline peptone water (45) at 37°C for 12 to 18 h prior to
being plated on CPC as an enrichment for V. vulnificus. This procedure was used
for detection, rather than for enumeration, of this pathogen. For total coliforms
and E. coli, 1 to 10 ml of water was filtered through a gridded 0.45-�m-pore-size
mixed cellulose ester filter (Millipore, Bedford, Mass.) and incubated with M-
ColiBlue24 broth (Hach Co.) for 18 to 24 h at 34.5°C.

Identification methods. Following purification, cells from sucrose-negative
colonies on TCBS and cellobiose-positive colonies on CPC were confirmed as V.
vulnificus by hemolysin gene PCR, by colony hybridization, or by both methods.
For hemolysin gene PCR, cells were grown overnight at 22°C in heart infusion
broth (Difco, Detroit, Mich.) and cell lysates were prepared as follows: 200 �l of
the broth culture was centrifuged, resuspended in 200 �l of filtered, autoclaved,
deionized water, and boiled for 5 min. PCR was conducted using the cycling
parameters described by Coleman and Oliver (3) in a Genius thermal cycler
(Techne, Princeton, N.J.). Briefly, cell lysates (5 �l) were added to a master mix
consisting of 17.75 �l of diethyl pyrocarbonate-treated water, 5 mM (each)
deoxynucleoside triphosphates (8 �l; Promega, Madison, Wis.), 20 mM (each)
primers (0.09 �l; Bio-Synthesis, Lewisville, Tex.), 5 U (0.25 �l) of Taq polymer-
ase (Promega), 25 mM (3.2 �l) MgCl2 (Promega), and 10� (4 �l) Mg-free buffer
(Promega) for a final reaction volume of 40 �l. The hemolysin gene was ampli-
fied by using 24-bp oligonucleotides that are specific for a 340-bp fragment
located within this 1,416-bp gene unique to V. vulnificus (23). The primers
utilized were Vv1 (5�-CGC CGC TCA CTG GGG CAG TGG CTG-3�) and Vv2
(5�-CCA GCC GTT AAC CGA ACC ACC CGC-3�). For all experiments, a
negative control containing all PCR reagents and sterile heart infusion broth was
employed. The reaction mixture was overlaid with 20 �l of sterile mineral oil. For
visualization, gel electrophoresis was performed using a 2% agarose gel (NuSieve
3:1; BioWhittaker Molecular Applications, Rockland, Maine) with PCR prod-
ucts that were stained with ethidium bromide (1.25 �g/ml).

Some V. vulnificus colonies were confirmed by using a colony hybridization
probe (13) employing an alkaline phosphatase-conjugated oligonucleotide
(DNA Technology A/S, Aarhus, Denmark) with the sequence 5� XCG GCT
GTC ACG GCA GTT GGA ACC A 3�, which detects the V. vulnificus hemolysin
gene.

Statistical analysis. A one-way analysis of variance (37) was conducted, ana-
lyzing the effect of site on each environmental parameter. The sequential Bon-
ferroni adjustment (33) was then used to determine significance levels, assuring
that the experimentwise error did not exceed 5%. When it was demonstrated that
salinity (F � 7.51; P � 0.01) and turbidity (F � 4.09; P � 0.05) measurements
differed based on sampling site, an unplanned comparison using the Tukey
statistic (43) was then conducted to ascertain which sites were significantly
different with regard to salinity and turbidity values.

Environmental parameter data were plotted and log transformed as necessary
to achieve normality. Linear regressions were conducted, followed by examina-
tion of the standardized residuals to determine if linear relationships existed. A
standardized multiple regression analysis (37) was then completed.

In order to compare our data to the correlations reported in previously pub-
lished research, Spearman’s coefficient of rank correlation (37), followed by the
sequential Bonferroni adjustment, was used to detect correlations between the
presence of vibrios and V. vulnificus and each of the environmental parameters
that were measured.

RESULTS AND DISCUSSION

Distribution of Vibrio spp. Analysis of our environmental
data with Spearman’s correlation coefficient (rs) revealed that
the isolation of Vibrio spp. was positively correlated with water
temperature (rs � 0.65449; P � 0.01), turbidity (rs � 0.29081;
P � 0.05), the presence of estuarine bacteria (rs � 0.41151; P
� 0.01), and levels of total coliforms (rs � 0.34935; P � 0.01)

FIG. 1. Locations of the six estuarine sites in eastern North
Carolina.
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and negatively correlated with dissolved oxygen levels (rs �
�0.30737; P � 0.05). As also reported by Barbieri et al. (1), we
found water temperature to be the parameter most highly
correlated with the isolation of Vibrio spp. at our sample sites
(Fig. 2A). Figure 2B and C show correlations between the
isolation of vibrios and estuarine turbidity and bacteria, respec-
tively. These indicate that levels of Vibrio spp. and both levels
of estuarine bacteria and turbidity vary together in a positive
manner. Earlier studies by Oliver et al. (29, 30) also reported
a positive correlation between Vibrio spp., estuarine bacteria,
and turbidity.

Koh et al. (16) reported that correlations between vibrios
and indicator bacteria, such as total and fecal coliforms, en-
terococci, and E. coli, were either negative or not present at
two test sites in Apalachicola Bay, Florida. In contrast, and in
agreement with the results of an earlier study from our labo-
ratory (29), we found the frequencies of isolation of Vibrio spp.
and total coliforms to vary together (Fig. 2D); statistical anal-
ysis also indicated a positive correlation between these two
groups. This is a substantial finding for the rivers along the
eastern coast of North Carolina, where waste runoff from hog
farms is a principal concern for the preservation of the natural

environment. According to our data, monitoring total coliform
counts could be useful in indicating the level of Vibrio spp.

Whereas most environmental studies have performed corre-
lation analyses to determine significant relationships between
physicochemical and bacteriological parameters, we employed
a standardized multiple regression analysis to determine which
parameters accounted for the variability in the frequency of
vibrio isolation. As expected, water temperature (coefficient of
multiple determination [R2] � 0.4819; standardized partial re-
gression coefficient [b�] � 0.64146) accounted for most (48%)
of the variability in the retrieval of this genus from the envi-
ronment (Table 1). As reported by Koh et al. (16), Vibrio spp.
were difficult to isolate during the cold-weather months, with
few vibrios isolated when water temperatures were ca. �10°C.
Only during the last 6 months of the study, when filtration was
used to increase the limit of detection, were Vibrio spp. isolated
at this temperature from nearly all sites.

To a lesser extent, the quantity of estuarine bacteria (R2 �
0.0772; b� � 0.31181), phosphorous levels (R2 � 0.0303; b� �
0.16405), ammonia nitrogen levels (R2 � 0.0248; b� �
�0.21605), salinity (R2 � 0.0207; b� � 0.21461), turbidity (R2

� 0.0203; b� � 0.18568), and pH (R2 � 0.0184; b� � �0.13912)

FIG. 2. Relationship between numbers of CFU of Vibrio spp. and four of the environmental parameters measured at the six estuarine sites.
Averages of numbers of CFU and of each parameter were taken for each month from July 2000 to April 2002 (no data were obtained for July
through October 2001). (A) Vibrio spp. (E) and water temperature (F). (B) Vibrio spp. (E) and turbidity (F) in formazan turbidity units (FTU).
(C) Vibrio spp. (E) and estuarine bacteria (F). (D) Vibrio spp. (E) and total coliforms (F). Names of months are abbreviated by their first letters.
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were responsible for a small but statistically significant amount
(2 to 8%) of the variability in Vibrio spp. isolation (Table 1).
Together with water temperature, these parameters accounted
for 67% of the variability associated with the isolation of
vibrios from the environment. Thus, it appears that no single
parameter primarily affects the isolation of vibrio levels in
these estuarine environments.

Distribution of V. vulnificus. Quantities of estuarine bacteria
ranged from 2.3 � 102 to 6 � 104 CFU ml�1 among the six
sampling sites, with Vibrio spp. averaging 2% of these levels.
While V. vulnificus represented an average of 7.7% of the
Vibrio spp. cultured from all sites, the average monthly levels of
this species ranged from �0.01 to 23 CFU ml�1, with the
highest concentrations detected during the warm-weather
months. These results are similar to those of other environ-
mental studies in which V. vulnificus was isolated from estua-
rine waters (19, 32, 42). Total coliform and E. coli levels ranged
from 1.3 to 4.6 � 102 CFU ml�1 and �0.1 to 28 CFU ml�1,
respectively.

Previous studies along the Gulf of Mexico and the eastern
and western coasts of the United States have shown strong
relationships between water temperature, salinity, and the iso-
lation of V. vulnificus (5, 14, 15, 25, 29, 30, 32, 40, 46). Gener-
ally, estuarine waters with salinities between 6 and 16 ppt have
been found most likely to sustain populations of this bacte-
rium, whereas low water temperatures (�10°C) have a nega-
tive effect on its isolation. In the present study, temperatures
ranged from 0.9 to 30.7°C. Consistent with findings of previous
studies, V. vulnificus isolation was most prevalent at the six
sample sites when average water temperatures ranged from 15
to 27°C with average salinity levels between 8 and 14 ppt.
While V. vulnificus isolation from environments with temper-
atures as low as 11°C has been reported (5), V. vulnificus was
not isolated in the present study between December 2000 and
March 2001 or between January and February of 2002, when
water temperatures were �14°C. The extremely close relation-
ship between the isolation of V. vulnificus and water tempera-
ture is shown in Fig. 3A.

There have been several suggestions offered to explain the
seasonality observed with the isolation of V. vulnificus. One
possible reason that this bacterium is difficult to culture during
cold-weather months is that V. vulnificus enters a viable but
nonculturable state (26, 27). Oliver et al. (31) demonstrated
this phenomenon in situ in an estuarine environment through
the use of membrane diffusion chambers. In that study, when
water temperatures averaged �15°C, V. vulnificus cells no

longer grew on routine media but were still alive, as indicated
by direct viable counts. In the same study, exit from the viable
but nonculturable state (“resuscitation”) during warm-weather
months (water temperatures of 22 to 24°C) was also demon-
strated. The decrease in frequency of V. vulnificus isolation
from estuarine waters in winter months has also been sug-
gested to result from an overwintering of the cells in sediment,
fish, or oysters (5, 41, 46). In the present study, while the
occurrence of Vibrio spp. was more frequent in sediment than
in water (Fig. 4), only a single V. vulnificus isolate was obtained
from sediment during the 6 months that sediments were stud-
ied. This particular strain was obtained in November when the
water temperature was 15°C, but V. vulnificus was also isolated
from the water at this site during November. It is not clear why
sediments did not contain more V. vulnificus cells. Most of the
sediments taken from these sites were either very grainy or
made up of more clay than sand, which may not have been
suitable for the persistence of this species.

Results demonstrated a positive correlation between the
occurrence of V. vulnificus and water temperature (rs �

TABLE 1. Water temperature, estuarine bacterial numbers, levels
of phosphorous and ammonia nitrogen, salinity, turbidity, and pH
account for 48, 7, 3, 2, 2, 2, and 2% of the change in the level of

Vibrio spp., respectively (see R2 below)

Environmental parameter R2 b� P value

Water temperature 0.4819 0.64146 �0.01
Number of estuarine bacteria 0.0772 0.31181 �0.01
Phosphorous level 0.0303 0.16405 �0.01
Ammonia nitrogen level 0.0248 �0.21605 �0.05
Salinity 0.0207 0.21461 �0.05
Turbidity 0.0203 0.18568 �0.05
pH 0.0184 �0.13912 �0.05

FIG. 3. Relationship between average numbers of CFU of V. vulni-
ficus (E) and average water temperatures (F) (A) and average num-
bers of CFU of Vibrio spp. (F) (B). Average bacterial counts and
temperatures were determined for each month from July 2000 to April
2002 (no data were obtained for July through October 2001). Arrows
indicate culturability below the limit of detection. Names of months
are abbreviated by their first letters.
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0.81845; P � 0.01), and multiple regression analysis indicated
that 47% of the variability in V. vulnificus isolation depended
upon water temperature (R2 � 0.4693; b� � 0.68502). This is
very similar to data reported by Motes et al. (24), who found
that water temperature accounted for 60% of the change in the
frequency of V. vulnificus isolation from oysters.

Contrary to the findings of most environmental studies of
this bacterium (9, 19, 24, 30, 31, 32, 40), salinity was not
correlated with V. vulnificus isolation frequency in our study,
nor did it have an apparent effect on the variability of V.
vulnificus isolation from estuarine waters. However, salinities
measured at our study sites were always between 5 and 20 ppt,
values within the optimal growth range for V. vulnificus (12, 15,
32). Thus, it is likely that no significant relationship was found
between salinity and the detection of V. vulnificus because
salinity levels at our study sites were not limiting to the growth
of this bacterium.

While other studies have examined dissolved oxygen and its
relationship to the isolation of Vibrio spp. (1, 34), this param-
eter has not been reported to correlate with the presence of V.
vulnificus in estuarine waters. A negative correlation was dem-
onstrated between dissolved oxygen level and the isolation of
V. vulnificus (rs � �0.48619; P � 0.01) in the present study.
This is understandable since water temperature and dissolved
oxygen level are negatively correlated (i.e., when the temper-
ature of the water increases, the level of dissolved oxygen
decreases).

A previous study by Høi et al. (8) observed no relationship
between the occurrence of Vibrio spp. and V. vulnificus. Fur-
ther, a report prepared for the European Commission (7)
suggested that a correlation between Vibrio spp. and V. vulni-
ficus should not be expected as the presence of vibrios is not
necessarily indicative of the presence of pathogenic Vibrio spp.
However, a correlation between the occurrence of Vibrio spp.
(rs �0.65761; P � 0.01) and V. vulnificus was detected in the
present study (Fig. 3B). While water temperature and salinity
in the Danish estuarine environments were similar to those of
our estuarine sites, the involvement of other parameters not

accounted for in either study (see below) might explain these
conflicting results.

Unlike the studies of Tamplin et al. (40), who reported
correlations between the density of V. vulnificus and the pres-
ence of fecal coliforms, and Høi et al. (8), who reported a
correlation with total coliforms, the present study revealed no
such relationships. This finding agrees with those of several
earlier studies (29, 30, 32) that also reported no correlation
between V. vulnificus and the presence of fecal coliforms.

While other studies have also reported significant relation-
ships between the isolation of V. vulnificus and both turbidity
and pH (29, 30, 40), the statistical analyses in the present study
determined no such results. Jones and Summer-Brason (9)
reported that turbidity was the major factor affecting the con-
centrations of V. vulnificus isolated from northeastern U.S.
estuarine waters, with few or no isolates of V. vulnificus ob-
tained when total suspended solids were especially high. Al-
though no statistically significant relationship was detected in
our study, this could explain why V. vulnificus isolates made up
a low percentage of vibrios at those sites with the highest
turbidity values. It is likely that pH was not a significant vari-
able in the present study because the values at the six sample
sites were always within a range (6.4 to 8.7) that readily sup-
ports the growth of V. vulnificus (44).

In summary, no significant relationships were found between
the isolation of V. vulnificus and pH, turbidity, salinity, or levels
of ferrous iron, ammonia nitrogen, phosphorous, DOC, estu-
arine bacteria, total coliforms, or E. coli. Only water temper-
ature accounted for any variability (47%) in the frequency of V.
vulnificus isolation. This suggests that another unknown vari-
able(s) is responsible for 53% of the variability in the abun-
dance of V. vulnificus. Other researchers (4, 11, 36, 47) have
suggested that the presence of host organisms, such as copep-
ods or crabs, may have an effect on certain Vibrio spp. because
of the nutritional value of the chitinous exoskeletons of these
animals. Kaneko and Colwell (10) reported that Vibrio spp.
make up a large percentage of the bacteria associated with
plankton in warm-weather months and decrease substantially
in the winter months when water temperatures drop. Alterna-
tively, certain protozoa that feed upon, or bacteriophages that
infect, Vibrio spp. may have a deleterious effect on the pres-
ence of vibrios, including V. vulnificus.

A variety of pathogenic vibrios, including V. vulnificus, are
routinely isolated from estuarine waters worldwide. Several of
these environments are used not only for recreational pur-
poses, such as swimming and water sports, but also for occu-
pational purposes, such as fishing and crabbing. If relationships
between one or more environmental parameters and the inci-
dence of V. vulnificus can be elucidated, it may be possible to
restrict recreational and occupational activities during those
periods when the levels of this pathogen are increased. By
doing so, it may be possible to reduce the incidence of the
potentially fatal infections which are caused by this bacterium.
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